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Abstract 

We study the idea of a composite Higgs in the framework of a five-dimensional AdS theory. We present 
the minimal model of the Higgs as a pscudo-Goldstonc boson in which clcctrowcak symmetry is broken 
dynamically via top loop effects, all flavour problems are solved, and contributions to electroweak precision 
observables are below experimental bounds. Since the 5D theory is weakly coupled, we are able to fully 
determine the Higgs potential and other physical quantities. The lightest resonances are expected to have a 
mass around 2 TeV and should be discovered at the LHC. The top sector is mostly composite and deviations 
from Standard Model couplings are expected. 



1 Introduction and Motivation 



One of the most elegant proposals to explain the origin of electroweak symmetry breaking (EWSB) 
is technicolor (TC). In technicolor theories the breaking of the EW symmetry arises from a strongly 
interacting sector, similarly as the chiral symmetry breaking occurs in QCD. Simple TC models, 
however, do not pass the electroweak precision tests (EWPT) at LEP and SLAC colliders. The 
main problem is their contribution to the Peskin-Takeuchi S parameter that, when possible to 
estimate, is larger than allowed by the experimental data. 

An interesting and still economical variation is to have a Higgs arising as a composite pseudo- 
Goldstone boson (PGB) from the strongly interacting sector 0. In this case, the Higgs mass is 
protected by an approximate global symmetry and is only generated via quantum effects. The 
electroweak scale is of order /^r, where /tt ~ mp/ (47r) is the analog of the pion decay constant and 
nip is the scale of the new resonances. Although this implies a contribution to S similar to TC 
models, one needs to calculate its precise value to know whether these models pass the EWPT or 
not. This has not been possible so far, mainly due to the difficulty of treating strongly interacting 
theories. Another problem of these models is explaining the origin of fermion masses. 

Here we want to pursue the idea of the Higgs as a composite PGB by studying it in the framework 
of five-dimensional models defined on a slice of AdS spacetime. Models with an extra dimension 
have a 4D holographic description that resembles strongly coupled conformal theories (GET) with 
a large number of "colors" A^. This description consists in separating the 5D fields in a bulk piece 
and a boundary variable, treating them as distinct degrees of freedom. Erom the point of view of 
the 4D effective theory on the boundary, the bulk acts similarly to a strongly interacting sector, 
whose global symmetries are determined by those of the bulk. Boundary variables are instead 
equivalent to fields external to the strong sector and coupled to it. Based on this observation, 
one can construct 5D models that mimic strongly coupled theories. This correspondence is clearly 
qualitative in the sense that we do not know the microscopic dynamics of the strong sector, but it 
proves extremely useful to have a quick understanding of the 5D physics and shape the low-energy 
"chiral" Lagrangian using symmetry considerations. Physical quantities can be computed resorting 
to the full 5D theory, since it is weakly coupled. In particular, an expansion in the 5D gauge 
coupling plays the role of the expansion of the 4D strongly coupled theory. 

In ref. 3 a first example of holographic PGB Higgs was given. Eermion masses were easily 
incorporated and a calculation of the Higgs potential was performed. Nevertheless, it lacked a 
custodial symmetry needed to prevent large contributions to the Peskin-Takeuchi T parameter. 
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In this paper we consider an alternative model of Higgs as a holographic PGB based on a 
global S0(5)xU(l)_B-L invariance. This is the minimal symmetry group which contains the EW 
gauge group, can deliver a Higgs as a PGB, and has an unbroken S0(3) custodial symmetry. We 
are able to fully determine the Higgs potential arising from one-loop diagrams involving Standard 
Model (SM) fields and show that EWSB is triggered by the top quark contribution. The Higgs 
vacuum expectation value (VEV) is given by f = 6/,^, where e is a model-dependent parameter. 
We can accommodate a value of S and T consistent with the EWPT for e < 0.4, which can be 
obtained by a mild tuning in the parameters of the model (~ 10%). The theory is therefore fully 
realistic. We find that the Higgs is always very light, mniggs ^ 140 GeV (see fig. 0), one of the most 
important predictions of the model. The mild tuning in the parameter space can be completely 
eliminated by introducing an extra source of S0(5) breaking. In this case we find that the Higgs is 
generally heavier (see fig. The model also predicts extra gauge and fermionic resonances with 
masses ~ 1 — 3 TeV. All these new particles come in complete S0(5) multiplets and have, with the 
exception of those with top quantum numbers, an approximate S0(4) degeneracy. 

We proceed as follows. First (section 12) , we describe a 4D model based only on symmetry prin- 
ciples. The Higgs is assumed to be a composite PGB of a strongly coupled sector that is conformal 
at high energies. By integrating out the GET dynamics one obtains an effective Lagrangian for the 
SM external fields that can be parametrized in terms of a set of form factors. The value of these 
form factors depends on the strong dynamics and cannot be determined from the 4D theory. Hence 
we take a second step (section IS} : we show the corresponding 5D AdS theory that leads to the 
same effective Lagrangian as the 4D model described above. Since the 5D theory is weakly coupled, 
we are able to compute the precise value of the form factors. This allows us to calculate the S 
parameter, the Higgs potential and other important physical quantities. In section |1] estimates of 
the T parameter and of the correction to Z ^ b]J)L are also given using Naive Dimensional Analysis 
(NDA), and shown to be close to the experimental limits. We conclude (section [21) comparing our 
model with other popular schemes of EWSB based on a PGB Higgs. 

2 The minimal 4D model of PGB Higgs with custodial symmetry 

Let us consider a 4D theory that contains a strongly interacting sector with the following prop- 
erties. It has a large number of "colors" N, a mass gap at the infrared scale //ir ~TeV, and it 
is conformal at high energies. The mass gap is responsible for the formation of a tower of bound 
states with lowest mass of order nip ~ //jr. A global symmetry SU(3)cXSO(5)xU(1)b-l is spon- 
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taneously broken down to SU(3)cXSO(4)xU(1)b_l at a scale /^r ~ {\fN /^'K)mp. The operator 
responsible for this breaking will be assumed to have a large dimension. The SM gauge bosons and 
fermions are elementary fields external to the strongly interacting CFT. The top quark constitutes 
an exception and it will be mostly composite, as we will see later. The SM gauge bosons couple 
to the CFT through its conserved currents, gauging an SU(3)cxSU(2)ixU(l)y subgroup of the 
global invariance. In the following we will neglect the SU(3)c color group since it plays no role 
in the mechanism of EWSB. Due to the non-linear realization of S0(5), the theory at tree level 
has a large set of degenerate vacua, some of which preserve SU(2)j;,xU(l)y, while others do not. 
Thus, whether the electroweak symmetry is broken or not is a dynamical issue. By expanding 
around an SU(2)LxU(l)y-preserving vacuum, so that SO(4)~SU(2)ixSU(2)jj and hypercharge is 
realized as y = T^^ + {B — L) /2, all fields can be classified according to their electroweak quantum 
numbers. In particular, there is a Goldstone boson transforming as a 4 of S0(4), a real bidoublet 
of SU(2)j;,xSU(2)/j; it is a composite state of the CFT and we will identify it with the Higgs boson. 

As long as no explicit breaking of the global SO (5) symmetry is introduced into the theory, 
the Higgs field is an exact Goldstone, and as such it has vanishing potential at any order in 
perturbation theory. However, interactions between the CFT and the SM fields explicitly violate 
SO (5) and will give rise, at the one- loop level, to a non- vanishing Higgs potential. In other words, 
the degeneracy of classical vacua is lifted by quantum effects and the Higgs becomes a composite 
PGB. The potential generated by gauge interactions alone does not trigger EWSB, since gauge 
forces will tend to align the vacuum along the SU(2)j;,xU(l)y-preserving direction [2j. A further 
contribution to the potential, which can "misalign" the vacuum, comes however from the fermions 
living in the elementary sector, in particular, the top. Fermions will be assumed to couple linearly 
to the strong sector through operators O made of CFT fields: C = XipO. The running coupling 
A(^) obeys the RG equation 

where the dots stand for terms subleading in the large- limit, and a is an 0(1) positive coefficient. 
The first term in eq. drives the energy scaling for A as dictated by the anomalous dimension 
7 = Dim[C'] — 5/2, Dim[0] being the conformal dimension of the operator O. The second term 
originates instead from the CFT contribution to the fermion wave function renormalization. The 
low-energy value of A is determined by 7. For 7 > 0, the coupling of the elementary fermion to the 
CFT is irrelevant, and A decreases with the energy scale fi. Below /xir, we have 



where A ~ Mpi is the UV cutoff of the CFT. Therefore fermions ip with 7 > will have a small 
mixing with the CFT bound-states and thus a small Yukawa coupling. For 7 < 0, the coupling is 
relevant and A flows at low energy towards the fixed-point value 



A 
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(3) 



/N V a 

In this case the mixing between the fermion ip and the CFT is large, and sizable Yukawa couplings 
can be generated. 

The model is then described by the Lagrangian: 



(4) 



The sum runs over all SM fermionic representations ipr = {QL,UFi,dji,lL,eji}, (a family index is 
understood), and W^^, (ol = 1,2,3), stand for SU(2)i and U(l)y gauge bosons respectively. 
At tree level the massless spectrum of the theory is that of the SM. The Higgs is the Goldstone 
boson and can be parametrized by the fluctuations along the broken generators T", a = 1, 2, 3, 4: 

S = Soe"/^", So = (0,0,0,0,1) , U = -iT^h^V2. (5) 

Using the SO (5) generators given in appendix El one easily finds the explicit expression for S: 

sin /i/Ztt 



h 



(/^^/^^/^^/^^/lcotV/^) , h=^f{h^^ 



The vacuum is characterized by the angular variable {h)/ Jt^. Defining e = s\x\{h)/ f^^, we have 



(S) = (0,0,6,0, \/l-e2). 



(6) 



(7) 



where the value of e can range between (no EWSB) and 1 (maximal EWSB), depending on the 
effective potential of h as we will discuss later. 

By integrating out the CFT dynamics, one can write an effective Lagrangian for the external 
fields. It is convenient to express this Lagrangian in an S0(5)-symmetric way. To do so, we 
promote the elementary fermions to fill complete spinorial representations of SO (5). A spinorial 
representation of S0(5), a 4 of S0(5), contains two (complex) doublets, one transforming under 
SU(2)l, the other transforming under SU(2)/j. We then embed ql, ur, dji as 



Ql 



Qr 

UR 

d', 



R 



4 



"•R 
dR 



(8) 
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The additional components Ql, g^, d'^, g^, u'^ must be considered as non-dynamical external 
sources to the CFT, and they do not play any physical role. They are simply a useful tool for em- 
bedding the SM fermions in multiplets of SO (5) and thus being able to write the effective Lagrangian 
in a compact S0(5)-invariant fashion. ^ Leptons can be promoted to spinorial representations in 
a similar way, whereas in the gauge sector we introduce extra non-dynamical vectors to obtain 
complete adjoint representations A^, of S0(5)xU(1)b_l. 

We can now write the effective Lagrangian using an S0(5)xU(l)B-L-iiivariant notation. After 
integrating out all CFT states at tree level, including fluctuations of the Higgs field around a 
constant classical background S, the most general effective Lagrangian for the external fields is, in 
momentum space and at the quadratic level. 



Ces =\P^.. [n^(p) B^'B^ + Ilo{p)T,[A^'A^] + Ili{p) Y^A^A^Y? 



+ ^r:^[n5(p) + n^(p)rs,,Jvi/,+ ^ ^,[M^(p) + M[(p)rs,]*,, 

r=q,u,d r=u,d 

where P^,y = r]^i, —PfiPu/p'^ and F*, i = 1, . . . 5, are the gamma matrices for S0(5) (see appendix IH)) : 

_ / 1 cos h/U a sin h/U \ = h^h 

sinh/fn -IcosV/tt/ a^ = {a,-il}. 

The form factors Il{p), M{p) encode the effect of the strong dynamics, and cannot be determined 
perturbatively in the 4D theory. Their poles match with the CFT spectrum. A possible mixing 
term between and in eq. © has been neglected since it does not play any role in our 
calculations. Also, we have not written down possible bare kinetic terms and gauge-fixing terms 
for the external fields, i.e. terms not induced by the strong dynamics. They can be included in 
a straightforward way. We are only interested in two-point functions since, as we will see below, 
these are the only ones needed for the calculation of the S parameter and the Higgs potential. 

From the form factors of eq. @ one can derive the low-energy efi^ective theory. This is the 
theory of the light states, the SM fields and the Higgs (the equivalent of the chiral theory in QCD). 
It is obtained by performing an expansion in derivatives and light fields over nip-. 

C = £kin + >Cyuk - + A£ . (11) 



However, choosing a specific representation for tfie fermions does liave some pliysical consequence in our tfieory. 
Indeed, we are implicitly demanding for the composite fermionic operators O to come in complete multiplets of that 
particular representation (a spinorial representation in our specific case). In our class of theories, these operators 
have the same quantum numbers of the CFT fermionic bound states, so that we are implicitly making a specific 
choice upon the strong sector. 
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The term £kin contains the kinetic terms of the dynamical fields 

Ci^in = f (D^^) {D'^^f + ^ Zr " ^W^^W^^ - ^B^^B^^^^ , (12) 

where = ng(o) + n?(o), = n^''='(o) - n^-'^io), /2 = ni(0), l/g^ = -n^(o), l/g'^ = 

-(n^'(O) + n'Q(O)). The Higgs potential V(T.) is generated at one loop by gauge and fermion 
interactions. We will show below that the top contribution can trigger EWSB and the Higgs field 
h acquires a VEV, breaking S0(4) down to the custodial S0(3) group. From the kinetic term for 
S we obtain = g^v"^ /A, where we have defined the EWSB scale 

v = eU = U sin ^ = 246 GeV . (13) 

Jtt 

The term £yuk contains the Yukawa couplings between the Higgs and the elementary fermions and 
comes from the expansion of the last term of eq. Q: 



_ sin h/ 



Mr(0) g^/iV^ ( ""A + Mf{0) QLh^a^ [j^ ) + h.c. 



(14) 



When the Higgs acquires a VEV, the fermions get a mass 



Mr'"(o) V _ 

mu,d = I -J- = yu,d V , (15) 

where by NDA y^^d ~ ^u.d^q /47r. By choosing "^q^u.d > 0, we have, according to eq. Q, that 
Ag,n,d are strongly suppressed at low energies, and the fermions are weakly coupled to the GET. 
This can be used to explain in a natural way the smallness and the hierarchical structure of the 
masses of the light fermions |1J IS] : 



— (— j V. (16) 

It is interesting to notice that this theory has a GIM mechanism, since flavour changing neutral 
current (EGNG) effects involving light fermions are also suppressed by the couplings \u^d,q (see, for 
example El IZl El) • In order to have a large top mass, we will require 7u < and 7^ ~ for the 
third quark generation. This choice is compatible with EWPT, as we will discuss in detail, and 
implies that the physical right-handed top quark is mostly composite. 

The last term A£ in the effective Lagrangian (|llj) contains all higher-order operators in the 
chiral expansion. The only one that is relevant for us here is that responsible for the S parameter. 
It originates from the third term of eq. Q: 

A/: D ^H;(0) W^iB^"" YTT^^YTF , (17) 
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where T"^ , Y are respectively the generators of SU(2) l and hypercharge. Eq. (fTTj) gives 

5 = 47rni(0)e2. (18) 

The T parameter does not receive any contribution at tree level from the CFT due to the custodial 
symmetry. Nevertheless, it can be induced at the quantum level due to top interactions. We will 
discuss in section |2 the size of these contributions. Apart from S and T, there are other two 
parameters constrained by LEP: W and Y, defined in They are however quite small in the 
present model, since they arise from dimension-six operators and are thus suppressed by a factor 
compared to S and T. 

2.1 Higgs potential and vacuum misalignment 

A virtual exchange of elementary fields can transmit the explicit breaking of SO (5) from the ele- 
mentary sector to the CFT and generate a potential for the PGB Higgs. The dominant contribution 
comes at one- loop level from the elementary SU(2)i gauge bosons and top quark. This is given by 
the Coleman- Weinberg potential 

9 f d^p /r,AT\ /" d'^P 



iogn,^ + iog (p^ni^Hi^-n^^^J 



(19) 



(2vr)4 

where Tli{p) are the self-energies of the corresponding SM fields in the background of h. These can 
can be written as functions of the form factors of eq. Q, by using eq. (fTU)) : 

Hiy = Ho + sin2 A , Hfe^ = = + nf cos ^ , 

h h 
Ylt.tn = sin - , = - cos - . 

Jtt Jit 

Apart from a constant piece, the potential of eq. (|19() is finite since the form factors Hi and Mi drop 
with the momentum as where $ is the CFT operator of dimension 1 responsible for 

the SO (5) breaking. ^ This fast decrease with the momentum allows us to expand the logarithms 
in eq. (|19j) and write the approximate formula ^ 

F(/i) -acos^ -/3sin2 A, (21) 

Jtt Jtt 



^In fact, in the 5D model the form factors drop exponentiaUy with the momentum, corresponding to d oo. 

^This approximate formula leaves out the top logarithmic contribution to the Higgs quartic coupling oc 
log(mt/mp) ~ loge since it comes from a subleading term in the expansion. This contribution can be large if e 
is very small, and in that case it should be incorporated. For the qualitative discussion presented here, we will 
neglect it. For the 5D calculation of the next section, however, we will take the full potential eq. l|19|l . 
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where 



a - 2N f Hi _2^\ 3- (2N - (22) 

This potential has a minimum at cosh/ f-,^ = — a/(2/3), i.e. 




(23) 

Thus, for suitable values of a and (3 the EWSB can occur dynamically. Gauge fields only contribute 
to the sin^ operator with an overall positive coefficient, /3gauge < 0, and tend to align the vacuum 
in the SU(2)/, preserving direction. A misalignment of the vacuum can only come from top loops, 
and only if the coefficients a and (3 are comparable in size. An NDA estimate of the two coefficients 
shows that a is expected to be larger than /?: a ~ „ A'^c A^/(16vr^)^, /? ~ Ac A/(167r^)^, 

where yt ~ \q\u\fN /47r is the top Yukawa coupling. However, a turns out to be generally smaller 
than its NDA estimate, and the contributions from qi and t/j are always opposite in sign (see 
eq. (|2U() and (|22|) ). thus tending naturally to cancel each other. The physical Higgs mass is given by 



We see that for moderate values of A the Higgs mass can be above the experimental bound 
^Higgs > 114 GeV. Notice that, despite being generated at one-loop level, the quartic coupling is 
0(1). Indeed, due to the strong dynamics involved in the loop diagrams, the actual loop expansion 
parameter is 1/A^, as it is evident from eq. (|24|) . 

Remarkably, this minimal theory can accomplish a realistic EWSB. To quantify this statement 
we must calculate the precise value of a, (3 and the S parameter. This will be done in the 5D 
theory. We will see that in order to satisfy the experimental constraints coming from S", T and 
Z ^ 66, a value e < 0.4 is necessary. This implies, from eq. ()23() . that the relation a ~ 2/3 must be 
fulfilled at the 10% level. We will show that this can be accomplished in certain regions of the 5D 
parameter space. 

It is interesting to notice that the mild tuning required in the minimal model can be completely 
avoided if one introduces new sources of SO (5) breaking that generate extra terms in the Higgs 
potential. For example, if the Higgs potential has an extra sin^ term 

h 2 ^ 4 ^ 

y(n)~acos-- psin — + 7 sin — , (25) 

/tt Jtt Jtt 
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the minimum, for e < 1, is given by 



a 
47 



±1 + 2/3/a' 



(26) 



1 + /3/47 

where the difference in sign comes from cosh/ f^^ ~ ±(1 — e^/2). Eq. (|26|) shows that a coefficient 
7 shghtly larger than a, but stih of one loop size, can give e ~ 0.2 — 0.4 with virtually no fine 
tuning in the second factor. New contributions to the potential can come from different sources. 
In appendix El we give an example of how eq. (|25|) can be generated by loop effects of additional 
fermions, or at tree-level by an extra scalar field, following a mechanism already proposed in ref. P]. 

Comparing with the original Georgi-Kaplan models where a large hierarchy u <C /tt (and there- 
fore a large fine-tuning) was required to avoid the strong constraints from FCNC |2] , we see that in 
our case we only need a very small hierarchy between v and f-,^. No relevant constraint on e comes 
in our model from FCNC due to the different realization of flavour. 



3 The 5D model 

The 4D theory presented above can be obtained as the holographic description of a 5D weakly 
coupled model. In this section we describe the 5D model and show how to compute the form 
factors of eq. Q ■ 

The 5D spacetime metric is given by |10| 

ds^ = {rj^, dxf'dx'' - dz'') = QMN dx^dx^ , (27) 

where the 5D coordinates are labeled by capital Latin letters, M = (/i, 5), with /x = 0, ...,3; 
z = x^ represents the coordinate for the fifth dimension and 1/k is the AdS curvature radius. This 
spacetime has two boundaries at 2: = Lq = 1/^ ~ l/-^Pi (UV-brane) and at z = Li ~ ~ 1/TeV 
(IR-brane). The theory is defined on the line segment Lq < z < Li. The gauge symmetry 
in the 5D bulk is taken to be SU(3)cxSO(5)xU(1)b_l reduced to SU(3)cxSO(4) xU(1)b_l on 
the IR-brane and to SU(3)cXSU(2)LxU(l)y on the UV-brane. This can be easily achieved by 
imposing a Dirichlet boundary condition for the gauge bosons whose generators we want to break. 
We choose to work in the unitary gauge dz{A^/z) = (see ref. 131), where only physical gauge 
configurations survive. In this gauge is non- vanishing only in its SO(5)/SO(4) components, 
which are however constrained to have a fixed profile along the fifth dimension: A^{x, z) = <^{z)h{x), 
({z) = z^2l{l^\ — Lq). Thus, physical fiuctuations of A^ correspond to a 4D scalar field h(x) 
transforming as a 4 of S0(4), the Higgs. From the point of view of the 5D theory, a potential for 
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is forbidden at tree level by gauge invariance, but it is generated radiatively as a finite-volume 
effect from non-local operators. This is the Hosotani mechanism for symmetry breaking 

The SM fermions are embedded into 5D Dirac spinors that live in the bulk and belong to the 
4i/3 representation of S0(5)xU(1)b_l. For each quark family we define 



qL{++) qui — ) 
Ql{—) Qr{++) 



Ql 



<(-+)■ 



Ql 



R 



ur{+- 



(— ) 



<iU+- 



<'(++) 

dr{-+) 



Qi 



(28) 



where leptons are realized in a similar way. Here (±,±) is a shorthand notation to denote a 
Neumann (+) or Dirichlet (— ) boundary condition on each brane. Chiralities under the 4D Lorentz 
group have been denoted with L,i?, while small q's (capital Q's) denote doublets under SU(2)i 
(SU(2)/j). Massless modes in eq. (^5)) arise from (+,+) fields. These are qi, Qr and d^', n^". We 
get rid of the latter two states by adding an extra field on the IR-brane, Qr, which marries them: 

[Ql + Qi]QR- 

Gauge invariance, however, allows one to write mass and kinetic mixing terms among the 
different multiplets ^g, S^u, Cd in the bulk and on the IR-brane. The bulk kinetic and mass matrices 
are S0(5)-symmetric and can be always simultaneously diagonalized through a field redefinition. 
In that basis, the most general S0(4)-invariant set of mass terms one can write on the IR-brane 
includes 

[M^Ql + MdQi]QR + qdmuql + m^g^] + h.c. (29) 

Therefore, the massless states become a mixture of qi with q^ and g^; ur with the upper component 
of Qr; (Ir with the lower component of Qr. The mixing angle depends on the value of the 5D bulk 
masses = Cik. Yukawa couplings to arise from the 5D covariant derivative in the fermion 
bulk kinetic terms. This means that A^ can only connect S\J{2)l doublets with SU(2)/j doublets 
of opposite Lorentz chirality inside the same 5D multiplet (for example qi with Qr). Yukawas for 
the physical massless modes then proceed through the mixing and can be suppressed depending on 
the mixing angle. 

3.1 The holographic approach: Matching to the 4D theory 

The 5D model described above has exactly the same properties as the 4D CFT theory described in 
section 121 In particular it leads to the same effective Lagrangian eq. © and to the same low-energy 
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theory eq. In order to match the two theories, it is more convenient to fohow the holographic 

approach instead of the more popular Kaluza-Klein (KK) decomposition. 

The holographic procedure consists in separating the bulk fields from their UV-brane value and 
treating them as distinct variables. If we integrate out the bulk with fixed values of the fields on the 
UV-brane, we obtain a 4D (non-local) theory defined on the UV boundary. This is the theory to 
be matched with eq. ©. Boundary values of 5D fields with Neumann (Dirichlet) condition on the 
UV-brane correspond to the external dynamical (non-dynamical) fields of eq. ©, while the bulk 
plays the role of the CFT sector. The holographic procedure is clearly inspired by the AdS/CFT 
correspondence jEj, although it does not rely in any sense on the validity of that conjecture. It 
simply represents an alternative way of describing the 5D model, motivated by symmetry principles. 
The symmetries of the bulk are the same as those of the CFT, while the 4D UV-brane sector respects 
only the SM gauge invariance (see refs. [T^ and for a similar application of the holographic 
description). 

To obtain the 5D prediction for the form factors of eq. @ we match the two theories on the 
S0(4)-invariant vacuum: S = Sq (i.e. h = 0). Let us start with the gauge sector. On the AdSs 
side, after integrating the bulk as a function of the UV-boundary fields, one finds (at the quadratic 
level) , 



The indexes a and d run respectively over the SO (4) generators (unbroken on the IR-brane) and 
the SO(5)/SO(4) generators (broken on the IR-brane), and 



with Ji(pLi) = Ji(pLi), Jo{pLi) = JoipLi) - {glk/gf^)pLi Ji{pLi) and similarly for Iq,!- Here 
denotes the S0(5) bulk gauge coupling, and l/gf^ is the coefficient of the S0(4) boundary kinetic 
term on the IR-brane. Analogous formulas apply for the \J{1) b~l gauge boson, that has been 
omitted in eq. (|3U() for simplicity. We have not written down possible boundary kinetic terms on 
the UV-brane, though they can be included in a straightforward way. Eq. ()3U() must be matched to 
eq. © after setting T, Sq. As we said, boundary values of 5D fields with Neumann (Dirichlet) 
conditions on the UV-brane must be identified with the dynamical (non-dynamical) external fields 
of the 4D theory. We get 




(30) 



na,a(p) 



j__P_ yo{pLo)Jo,i{pLi) - Yo^i{pLi)Jo{pLo) 
ikLo Yi{pLo)Jo,i{pLi)-Yo,i{pLi)Ji{pLo) 



(31) 



Uaip) = Uo{p) , Ua{p) = Uoip) + ^ni(p) 



(32) 
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that leads to the determination of the gauge form factors: 



no(p) = n,(p) , ni(p) = 2[u^{p) - Ua{p)] . 



(33) 



For the fermions we can proceed in a similar way. We integrate out the bulk fermionic fields as a 
function of their values on the UV-brane. We are only allowed to fix on the boundary either the 
left- or the right-handed fermionic component (left- or right-handed source description, see jl4j). 
For we will take the left-handed component, = {<1l,Ql)^ , while for we will take the 
right-handed component, ^uR = {Qr:Q^ = d'j^])'^ ■ We omit for simplicity. At the quadratic 
level we obtain 



(34) 



£efT =Ilq, (p) QL T^qi + liQ, [p] Ql ^Ql + {p) ql hi + ^Ql (P) Qr ^Qr 
+ Mq{p)qLql + MQ{p) QlQI. 

The fermionic self-energies Ili{p) and Mi{p) are given in appendix ^ in terms of brane-to-brane 5D 
propagators. Matching with the 4D CFT theory, we have 



n^,i(p) = 2[na.(p)±ng 

M^^,{p) = l[Mq{p)±MQip)] . 



(35) 



The anomalous dimensions 7 of the 4D CFT theory are related to the 5D fermion masses M5 = Cj/c 
according to ^ 



7g 



Co + 



1 



1 



lu,d 



1. 



(36) 



Therefore the requirement 7g,n,d > for the light fermions (see above eq. implies Cq > 1/2 

and Cu,d < —1/2, while for the top 7q ^ and 7^ < implies Cq ~ 1/2 and |c„| < 1/2. 

It is useful at this point to define the number of CFT colors N by identifying 1/A^ with the 
perturbative expansion parameter in 5D: 



1 

N 



9ih_ 

167r2 



The 5D NDA condition for calculability reads 



A, 



247r2 



« 1, 



(37) 



(38) 



*The different relation for q and u, d is because we are fixing on the UV-boundary the left-handed component for 
q and the right-handed component for u,d. See ref. |14| for details. 
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where A5 is the strong cutoff scale of the 5D theory. Using the relation = \'n.{Li / Lq) / g^k + 
l/^uv + ^/diK^ where l/^uv (l/ffm) is the SU(2)l UV-brane (S0(4) IR-brane) kinetic term and 
g ~ 0.65 is the effective 811(2)/, coupling, we can derive a rough lower bound for g'^k: 

glk> gHn{Li/Lo)^lQ. (39) 

Therefore N is restricted in the interval 1 ^ < 10. 

3.2 Predictions of the 5D model 

Having matched the 5D and 4D theories, we can now derive the predictions of the 5D model. First, 
we can obtain from eq. H31|) the mass spectrum and decay constants of the vector resonances of the 
theory. For this purpose we decompose Ila,aip) as an infinite sum over narrow mesons, as prescribed 
by the large- limit: 

u,ip)=p'Yl 2?% ^ n,{p)=p'J2 2^1" 2 +\fl- (40) 

^-^ + mi ^-^ + mi 1 

Eq. thus gives 

„2 4 1 37r/4 1 57r 1 ,^ , 

U = ^2T-P2^ = mp^ — , maiCii— — , (41) 

glk Ll ^l + 97r2/32ziR, ^1 ' 4 Li 

where we have defined zir = g'^k/glj^. From eq. (|18j) and (|33)) we can obtain the prediction for the 
S parameter: 

?.N . [ A 1 

(42) 



8 TT 



4 

1 + 3.IR 



The 99% CL experimental bound from LEP, S < 0.3 ^ , requires: 



We see that in order to remain in the weak coupling regime, 1/A^ ^ 1, we need e < 1. In particular, 
taking iV = 10 and zjr = (1) requires e ~ 0.5 (0.3). A way of recasting the result for S is by fixing 
f-j^e = V according to eq. (|T!^ . and using the value of mp as computed in eq. (|1T|) . One obtains 

32 Vl + 9^V32ziRy ml ^ ' 

In order to satisfy 5 < 0.3, the lowest vector state cannot be lighter than mp ~ 2.3 (1.6) TeV for 
ziR = (00). 

^It corresponds to an extra contribution to the £3 parameter |15| Aea < 2.5 ■ 10~^ relative to the SM value with 
?WHiggs = 115 GeV. 
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Figure 1: Scatter plots in the {mHiggs,^) plane (left) and in the {mHiggs, plane (right), obtained 
by scanning over the input parameters in the minimal model. In the second plot, blue squares 
correspond to e > OA, green fat dots to 0.2 < e < 0.4, small red dots to e < 0.2. 

To determine whether EWSB is triggered and an e < 1 is generated in our model, one has to 
compute and minimize the Higgs potential (|19() . The potential is completely determined by the self- 
energies eqs. (|lTT|l and (|5^ - (|57|) . which are in turn functions of few input parameters: the bulk S0(5) 
gauge coupling g^, the gauge kinetic terms on the UV and IR branes, l/^uv ^^'^ ^/dm (respectively 
for S\J{2)l and S0(4)), and the top bulk and IR-brane masses, Cg, Cu, rhu and For simplicity 
we have neglected the subleading contribution to the potential coming from the bottom quark and 
the hypercharge gauge field. Performing a numerical analysis, we found that in a large region of 
the input parameter space EWSB is indeed triggered and the bound (|l3|) on the S parameter is 
satisfied. The results are summarized in fig.^ where e and the number of colors of the CFT defined 
by (|37|) . are given as a function of the physical Higgs mass. Only points which satisfy the bound 
5 < 0.3 are shown. The values of the input parameters have been chosen as follows. We fixed the 
UV coupling (/UV by requiring that the low-energy SU(2)l gauge coupling g equals its experimental 
value, while the IR gauge kinetic term has been set to be of loop order, l/(7jj^ = l/lOvr^. The value 
of N is extracted by fixing the top mass to its experimental value rrff^^ = 178.0 it 4.3 GeV {TIBI. 
The top bulk masses Cq^ Cn must lie in the interval — 1/2 ^ Cqi^u ^ otherwise the coupling 

between the elementary g^, tR and the CFT becomes irrelevant, implying a too small top mass. 
Values of Cq close to +1/2 seem to be preferred in order not to have large corrections to Z ^ as 
we will explain in detail in the next section. Also, a Cu too close to +1/2 is disfavored by Z ^ bb, 
while values of Cu close to —1/2 seem to give a smaller T parameter and they are preferred. We 
thus scan in our numerical analysis over —0.3 < < +0.3 and 0.3 < Cg < 0.5. Finally, for the 
IR-brane masses we have taken the following values: fhu = 0.5, 1.0, 1.5, and —2.1 < < —0.4. 
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40 60 80 100 120 140 40 60 80 100 120 140 



mHiggs [GeV] ™Higgs [GeV] 

Figure 2: Masses of the first vectorial and fermionic resonances p, qi, bu, tn obtained by scanning 
over the input parameters in the minimal model. Blue squares correspond to e > 0.4, green fat dots 
to 0.2 < e < 0.4, small red dots to e < 0.2. 



Fig. n shows that the model can give moderately small values of e, i.e. e < 0.4, needed to 
pass all EWPT. This requires a 10% adjustment in the parameters of the model, as we already 
explained in the previous section. The value of can be large enough to guarantee a sensible 
perturbative expansion, although for mniggs ~ 115 GeV it tends to be small, ~ 4 — 5, if one 
requires e ~ 0.4. One of the most important predictions of the model is that the Higgs mass is 
always light, mniggs i$ 140 GeV, for 0.1 ^ e < 1. This bound can be relaxed only for very small 
values of e, due to the log enhanced top contribution oc \og(mt/mp) ~ loge. However, a very small 
value of e can be only obtained at the price of a large fine tuning in the parameters of the model. It 
should be stressed that the theoretical error on the Higgs mass is expected to be large if N is small. 
For example, for ~ 5 the correction to mniggs coming from two loop diagrams can be ~ 20% or 
even larger. 

The spectrum of the lightest resonances, obtained by scanning over the input parameter space, 
is shown in figure|21 The fermionic states qi, t^, b^ tend to be lighter than the gauge resonances. 
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Figure 3: Scatter plots in the {mmggs, e) plane (left) and in the {mniggs, plane (right), obtained by 
scanning over the input parameters with an extra contribution AV{h) = ^ sin^ h/fj^, ^ = —figauge- 
In the second plot, blue squares correspond to e > 0.4, green fat dots to 0.2 < e < 0.4, small red 
dots to e < 0.2. 



For values of muiggs ~ 115 GeV and e ~ 0.4, all fermionic resonances lie around 1.5 — 2 TeV, while 
mp ~ 2 - 3 TeV. 

Finally, in fig. |31we show the results obtained by adding a new contribution AV = ^ sin^ h/ fj^ 
to the Higgs potential. The value of ^ is taken to be positive and equal in size to the gauge 
contribution to /3: ^ = — /3gauge > 0. This example shows that small deformations of the Higgs 
potential can help not only to eliminate the 10% fine tuning of the minimal model, as discussed 
in sec. 12.11 but also to increase the range of the Higgs mass. We checked that similar results also 
hold taking AV = ^ sin'^ h/ f-,^ + C, svc? /i/Ztt, with C = = /3gauge- A possible origin of these new 
contributions is given in appendix IbI 

4 Third family EWPT: Z ^ bb and the T parameter 

A large top Yukawa implies that the top must substantially mix with the CFT (diagram fig. 0fa)). 
This in turn suggests that there could be large deviations from the SM prediction for Z — > bb. 
Such corrections are induced from the diagram of fig. |lfb). Sizable one- loop contributions to T are 
also expected from fig. Etc) (see also refs. jl7l I18j for a similar discussion). In this section we will 
estimate these contributions using NDA and show that they can be under control for e < 0.4. 
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Figure 4: Diagrams in the 4D holographic theory that generate the top Yukawa coupling (a), a 
correction to Z ^ bibL (b), o,nd the T parameter (c). A grey blob represents the 4D CFT dynamics 
or the 5D bulk. Another possible diagram contributing to Z ^ bibL, similar to (b) but with two S 
fields attached, is not shown. 

Denoting with 6gLb the shift in the couphng of 6^ to Z, NDA leads to the estimates ^ 

, (45) 

2+c«J r?^^, (46) 

where we have used eqs. and (|36|) . We have also included a new parameter rj to take into account 
a possible deviation from NDA in the coupling of the composite fermions to the Higgs (a chirality 
flip factor). From eq. (|^^ we see that the (liberal) bound ^gLb/gib < 1% from LEP is satisfied 
for values of Cq close to 1/2. For example, e ~ 0.4 implies Cq ~ 0.4. From eq. (|46|) . on the other 
hand, we see that the 99% CL bound on the T parameter, T < 0.3 [H] ^, can also be satisfied for 
reasonable values of the parameters. For example, setting ~ 1, then e ~ 0.4 implies c„ ~ —0.1 for 
N ~ 10. Thus, both estimates give Sguy and T close to the experimental limit for values of the 5D 
parameters used in the analysis of section ESI This is an indication that our model can succeed in 
passing all EWPT, although eqs. (|45|) . (|46j) should not be taken too seriously, being only estimates 
and not exact results. One can take into account the correlation among T, dg^b and the top mass 
by making use of the NDA estimate for mt 

m-XqXu^m.erjr^ ^(^ " c,) + c„) ^vr^, (47) 

®If fig. |l]is drawn using resonances, one can sliow tliat tiiere are two Icind of diagrams contributing to SgLt and 
Ap . Eitlier tlie Higgs couples to a vector resonance, or to a fermionic resonance tlirougli a cliirality flip. One can 
sliow tliat tiie dominant contribution to SgLt and Ap are respectively that with zero and four chirality flips. 

'^This corresponds in the 5D theory to the mass mixing parameters eq. 1291 . 

*It corresponds to an extra contribution to the ei parameter |15| Aei < 2.5 ■ 10~^ relative to the SM value with 
mmggs~115 GeV. 
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and combine it with eqs. and Imposing SgLb/gLb ^ 1% we then obtain 



aT > OANe^. 



(48) 



This is quite a stringent bound. Models with e = 1 give T ~ O(IOO) even for small A'^ and are 
therefore grossly ruled out. Nevertheless, this bound on T is extremely sensitive to e, and a value 
for e slightly smaller than 1 can be enough to satisfy the experimental constraint. 

Our estimates (|45|) , , (|^7j) and (|1H|) apply quite generally to a large class of 5D models where 
fermions live in the bulk, EWSB is triggered in the IR and custodial symmetry is violated only 
on the UV-brane. The model of ref. where the Higgs is localized on the IR-brane, belongs to 
this class. In ref. the T parameter was explicitly computed and found to be in agreement with 
eqs. dini) and (gHl). The bound eq. (jlHl) also apphes to 5D Higgsless models UH [121 HOj . In that 
case the 4D holographic description consists in a walking TC-like theory where the two scales /^r 
and V coincide (e = 1). Thus, 5D Higgsless models are severely constrained by T. This is true, we 
stress, even in the limit of strong bulk gauge coupling, i.e. for a small value of A^. 

We close this section mentioning a case in which the bound (|48|) can be weakened. This corre- 
sponds to the limit — > 1/2 in which one can show that a massive b'j^ state of the CFT becomes 
light, and an extra factor {my /mp)'^ suppresses the bound on T: 



To understand this suppression factor it is convenient to adopt the holographic description in which 
the left-handed component of ^u, instead of the right-handed one, is fixed on the UV-brane. In 
this case the holographic description is the following [14,': the right-handed top quark arises as a 
massless CFT bound state and, by SU(2)^ symmetry, it comes along with a massless partner h'^. 
Together they form a doublet Qr = {tR,b'^) of SU(2)/{. An additional external field 6^' exists, 
which marries 6^. The external field 6^' represents the only source of violation of the custodial 
symmetry. It is coupled to the CFT (and thus to 6^) through a coupling which becomes marginal 
for Cu = 1/2, and irrelevant if Cu > 1/2. In the limit Cu — > +oo, 6^' decouples from the CFT, 
nib' ~^ 0) the custodial symmetry is restored, and T vanishes. Therefore T must be proportional 
to m^,. The value of nib', however, cannot be arbitrarily small, since 6^ mixes also with bL and 
induces an additional shift in the coupling of 6^ to Z of order 5 gib/ 9 Lb ~ m^/my. By requiring 
^dLb/gLb ^ 1%; one has nib' ^ 10 m^. Thus, T can be somewhat reduced, but one still needs e < 1 
to be consistent with the experimental constraint. 



aT > OAN 




(49) 



19 



5 Conclusions and comparison with other models of PGB Higgs 



Theories in which the Higgs arises as a PGB provide a rationale for the smahness of the electroweak 
scale compared to the scale of new physics, a fact that experiments seem to suggest. This provides 
an important motivation to search for realistic theories of PGB Higgs. 

Here we have presented the minimal model in which (i) EWSB occurs dynamically, (ii) the 
flavour problem is solved, and that {in) is consistent with EWPT. The Higgs appears as a composite 
PGB from a 5D bulk with a symmetry breaking pattern S0(5)^ S0(4). EWSB occurs dynamically 
via top virtual effects, and the Higgs mass can be calculated as a function of the 5D parameters 
(see fig. CJ. 

Other approaches to Higgs as PGB have been previously considered in the literature. The 
Hosotani mechanism for EWSB 11 , where a PGB Higgs also appears as the fifth component of 
the 5D gauge field, has been extensively studied j^J- Nevertheless, none of these models is fully 
realistic. The two important ingredients in our approach are the custodial symmetry and that fact 
that we are working in a 5D AdS space, that allows us to extrapolate the SM couplings up to 
the Planck scale. ^ As a consequence, we can successfully address the flavour issue. Furthermore, 
the AdS dynamics forces us to work with a moderately large 5D gauge coupling, g5Vk > 4 (see 
eq. (|39])). thus implying a large enough Higgs quartic coupling and a small f-w/map as required by 
EWPT. This has to be compared with 5D flat theories with no large brane kinetic terms. In that 
case the 5D coupling is smaller, g^^fTF^ ~ (jr ~ 0.65 (L being the lenght of the fifth dimension), 
and therefore the 1-loop Higgs quartic is too small. 

Another approach to Higgs as a PGB has been Little Higgs (LH) models these models 

the electroweak scale is protected from the strong scale /^ir,, up to two-loop effects, due to collective 

breaking. For this purpose, extra vector states W are required. The main benefit from this 

approach is calculability. The theory below is weakly coupled and therefore predictable. This 

is different from our approach in that we take a large limit in the strong sector to obtain 

calculability. Both approaches have a similar contribution to the S parameter, since the role of 

nip in our eq. is now played by niy/i. In LH models, however, the EW scale is more sensitive 

to myi/i than we are to nip, due to the fact that the one- loop contribution to the LH potential is 

logarithmically divergent. In our case the potential is finite and then less sensitive to the scale of 

^Our model at low-energies ~ /^ir, however, could be realized in flat space if large UV-brane kinetic terms for 
the SM fields are added (13| . What the AdSs geometry does is to give a dynamical origin for these large UV-brane 
kinetic terms. 
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new physics. 

Phenomenologically there are other important differences. For example, differently from a LH 
theory, in our model vector and fermion resonances come in complete representations of SO (5). The 
resonances ql, Ir and bn are usually lighter than the vectorial ones (see figs. ©), and therefore 
their detection can be more feasible. Their single production can proceed at the LHC via a Yukawa 
interaction: 

(50) 

tR + Wlong., Ziong. ^ QL , 

where the incoming particles arise from the colliding protons. Although the top quark content of 
the proton can be small, the production cross-section is enhanced by the large coupling involved in 
the vertex. This is because the couplings between CFT (5D bulk) states are of order g^^/k ~ 4. The 
decays of these KK fermions are just the inverse of their production process. The tji production is 
similar to that of t' in LH models. In refs. |231 124j it has been shown that t' can be detected at the 
LHC if its mass is of order of few TeV. For and bn, however, there is no analog in typical LH 
models. The production of these fermionic resonances can also proceed via a virtual KK gluon g 
(with no analog in LH models), predominantly for tR: 

qq ^ 9* ^tR + tR. (51) 

Here q denotes a light or heavy quark. Finally, the gauge resonances can be produced via a Drell- 
Yan process, as in eq. H51() . For the case of W and Z KK, their production can also proceed by 
Wlong. 1 Ziong. Scattering (as in TC models) due to the strong coupling between these states. A 
detailed study of all these processes will be required to fully explore the phenomenology of our 
model at future colliders. 

We think that the model presented here is a serious alternative to supersymmetric models. 
Several issues, however, must still be addressed. For example, a full calculation of top quark effects 
on EWPT (T parameter and Z ^ bb), gauge coupling unification or string embedding. We leave 
this for the future. 



It is interesting to notice that in the hmit of large kinetic terms on the IR-boundary, i.e. small giR, our model 
resembles a LH model, since one resonance becomes lighter and more weakly coupled than the others (see eq. (H^), 
and plays the role of W' . 

^^See ref. |25| for a first string realization of a PGB from an AdS background. 
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A Fermionic self-energies 

The fermionic self-energies Hj (p) and Mj (p) of section 13.11 are easily computed in the 5D theory 
by taking the inverse of the propagator of the corresponding field with endpoints attached to the 
UV-brane. A technical complication comes from the mixing among different 5D bulk multiplets 
due to the IR boundary masses fhu, of eq. H29|) . Resumming all possible insertions of the IR 
mass mixing terms and omitting for simplicity boundary kinetic terms, we obtain 



(++). .1^ r^++)(T T\ 

^ ^Rq Lr/Jg 1^0, ^oj 

2 ^2 (UT \2 ri{-+) 



(52) 



k I ( G[Q\Lo,Li)G^jj^Q\Li,L 



0) 



P G^rq\Lq,Lo)\ G^^q\Lq,Lq) 



Ml{kL,fG^^^l{L,,L,) 



(53) 



1 - Mlp^ [kL,Y g[+^\l,,L^)G^+^1{L,,L^ 



mlp^ {kL^fG^^^\L^,L^] 



(54) 



l-mlp^kLiY G[ ;j {L,,Li)G^j, +^ (Li , L^ 
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k 1 f g\^q1{Lo,Li)g'-^q}{Li,L 



(55) 



1 - M2p2 (fcL,)2 Gi,++i(Li,Li)GrQ-^(Li,Li) 



(++), 



2r ^Lg"^(^0,il)G^g^^(Li,Lo) 



(56) 



Mq(p) 



Muk'^Li G^-j^QliLp, Li)g'-^q\Li, Lq) 
P G^lq}{Lo, Lo)G^^q\Lo, Lq) 



1 



(57) 



1 - M>2 (A,^^)2 g[^^\l,,L,)G'^^>{L„L, 



(++), 



Here Gl^/j are defined as the left- and riglit-handed components of the 5D propagator S{p, z, z') of 
a bulk fermion with mass ck between two points z, z' along the fifth dimension (see for example |S1 



+ 7M4 + ^)+^ 



S{p,z,z') = {ezz'f/^ 
where Pr^l = (1 i 7^)/2. We have also defined 



[PrGr{p,z,z')+PlGl{p,z,z')] , 



GR,Liz,z') 



(c±l/2) 



Gr,l{z,z'). 



(58) 



(59) 



B A deformation of the Higgs potential 

There are many possible sources of new contributions to the Higgs potential which can lead to the 
form of eq. (|25() . For example, one could introduce two extra elementary fermions in the 4D theory, 

(T) (S) 

if)]^ and V'jj J the first transforming as a triplet under SU(2)i, the latter as a singlet. They can 
acquire a mass ~ ^ir before EWSB by marrying some massless composite fermion, thus becoming 
heavy. The leading one- loop potential generated by these extra fermions, the analog of eq. ()21() . 
is of the form = asin^ ^//tt + /?sin^ h/ f-,^. This 4D modification of the minimal model can be 
obtained in the 5D theory by adding two bulk fermions in the antisymmetric 10 representation of 
S0(5) with (±, =p) boundary conditions for the various components. 
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In what follows we describe how the mechanism of ref. can be applied to the present model 
to generate a new contribution at tree level. The idea is to introduce new scalar operators d^- of 
dimension 2, coupled to external scalar sources ipi according to 

A£ = /c^.O^, (60) 

with k ~ Mpi. The scalar sources do not need to be dynamical, but just auxiliary fields that 
parametrize the breaking of the CFT global symmetry {i labels the different components of an 
SO (5) representation). Integrating out these scalars one obtains a marginal deformation of the 
CFT: 

A£ = \,Ol^ , (61) 

where the coupling Aj runs logarithmically with energy. At the scale k, \i{k) = k'^/{2mf) ~ 1 for 
rrii ~ k. This S0(5)-breaking contribution will generate new terms in the PBG potential. 

Let us consider for example the case in which the fields ipi fit into a traceless symmetric rep- 
resentation of S0(5), a 14o of S0(5)xU(1)b-l- A 14 decomposes as 14=9+4+1 under S0(4), 
where 9=(3,3), 4=(2,2), 1=(1,1) under 811(2)^x811(2)/?. The different components can have dif- 
ferent mass terms, m? {i = 9, 4, 1), because 80(5) is not a symmetry of the external sector. We are 
considering, for simplicity, the case in which these masses respect an 80(4) symmetry. Integrating 
out the scalars at tree-level, one obtains the following contributions to the Higgs potential: 



i^(Sf 0S^)2 + i^(sf '^S^)2 + - 
mi mi m. 



(62) 

where T^=o,a,n ^^.^ ^ q£ Graceless symmetric matrices given in appendix 10 The coupling \^p 
runs logarithmically with energy. Using eq. © in eq. H62|) one has: 



/W{h) = -Xlm^ 



51 1 31\ 4/1 /I 1\ oh 21 

8 772-4 °"^9/ /tt "^1/ Jtt m^ 



(63) 



The overall coefficient X^p can be easily of loop size if the coupling of (pi to the CFT is not exactly 
maximally relevant. It is possible to generate only a sin^ h/f^^ term if the 9 is the only external 
source present (mi^4 oo). To have a positive coefficient, m| must be negative, which implies that 
the 9 should not propagate (otherwise we have a tachyon). It must be considered an auxiliary field, 
like a D-term in supersymmetry. Another possibility is to assume m4 ~ mi as the result of some 
symmetry of the UV physics. The other particular form of the extra contribution to the potential 
mentioned in the text, AV = ^ (sin^ ^//tt — sin^ h/fj^), can be obtained if the 4 is the only external 
source present (mi^g oo). 
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The 5D realization of this 4D mechanism follows straightforwardly through holography ^ . An 
additional scalar field $ of 5D mass M| = — lives in the bulk and transforms as a 14 of 
SO (5). If its singlet component under SO (4) has a tadpole on the IR-brane, the potential H63() 
will be generated at tree level. Finally, dynamical (non-dynamical) fields of the 4D external sector, 
ipi, correspond to the components of ^ on the UV-brane with a Neumann (Dirichlet) boundary 
condition. 



C so (5) generators 



We collect here the S0(5) generators used in the text. A suitable basis for the vectorial represen- 
tation is 



(64) 



where i, j = 1, . . . ,5 and (a = 1, . . . , 4), T"^-^ (ol,r = 1, 2, 3) are respectively the generators of 
SO(5)/SO(4) and SO(4)~SU(2)LxSU(2)ij. The spinorial representation of S0(5) can be defined 
in terms of the Gamma matrices 



as 



so that 



■pa 



cr" 
d^t 



1 
-1 



2^/2 

a'' 





a" 



= {a,-il} 



o-"" 

2^2 -'^"^ 



4^/2 



(65) 

(66) 
(67) 



Finally, we give the expression of the orthogonal basis of traceless symmetric 5x5 matrices used in 
the previous appendix. Denoting with T^, (a = 1, . . . , 4), T" (n = 1, . . . , 9) respectively the 1, 
4 and 9 representations of the S0(4) subgroup, one has: 



^ diag(l, 1,1, 1,-4), f,^^ = l={5t6^ + 5]5f) 



2\/5 



f,^j = ; diag(-l, 0, 1, 0, 0) ; ^ diag(l, 1, 1, -3, 0) ; diag(-l, 2, -1, 0, 0)} , 
where t^j = {S^Sj + SjS'^)/\^ , c > 6 (6, c = 1, . . . , 4) is a collection of six matrices. 



(68) 



25 



References 



[1] M. E. Peskin and T. Takeuchi, Phys. Rev. Lett. 65, 964 (1990); Phys. Rev. D 46, 381 (1992). 

[2] D. B. Kaplan and H. Georgi, Phys. Lett. B 136, 183 (1984); B 136, 187 (1984); 
H. Georgi, D. B. Kaplan and P. Galison, Phys. Lett. B 143, 152 (1984); 
H. Georgi and D. B. Kaplan, Phys. Lett. B 145, 216 (1984); 
M. J. Dugan, H. Georgi and D. B. Kaplan, Nucl. Phys. B 254, 299 (1985). 

[3] R. Contino, Y. Nomura and A. Pomarol, Nucl. Phys. B 671, 148 (2003) 
|arXiv:hep-ph/03 06259l . 

[4] Y. Grossman and M. Neubert, Phys. Lett. B 474, 361 (2000) |arXiv:hep-ph/9912408| . 

[5] T. Gherghetta and A. Pomarol, Nucl. Phys. B 586, 141 (2000) |arXiv:hep-ph/0003129| . 

[6] S. J. Huber and Q. Shah, Phys. Lett. B 498, 256 (2001) |arXiv:hep-ph/0010195| . 

[7] K. Agashe, A. Delgado, M. J. May and R. Sundrum, JHEP 0308, 050 (2003) 
|arXiv:hep-p h /03080361 . 

[8] K. Agashe, G. Perez and A. Soni, Phys. Rev. Lett. 93, 201804 (2004) |arXiv:hep-ph/0406101| ; 
iarXiv:hep-ph/0408134, 

[9] R. Barbieri, A. Pomarol, R. Rattazzi and A. Strumia, Nucl. Phys. B 703, 127 (2004) 
|arXiv:hep-ph/0405040l . 

[10] L. Randan and R. Sundrum, Phys. Rev. Lett. 83, 3370 (1999) |arXiv:hep-ph/9905221| . 

[11] Y. Hosotani, Phys. Lett. B 126, 309 (1983); Phys. Lett. B 129, 193 (1983). 

[12] J. M. Maldacena, Adv. Theor. Math. Phys. 2, 231 (1998) [Int. J. Theor. Phys. 38, 1113 
(1999)] |arXiv:hep-th/9711200| ; S. S. Gubser, I. R. Kleb anov and A. M. Polyakov, Phys. Lett. 
B 428, 105 (1998) |arXiv:hep-th/9802109.; E. Witten, Adv. Theor. Math. Phys. 2, 253 (1998) 



|arXiv:hep-th/9802150] . 

[13] R. Barbieri, A. Pomarol and R. Rattazzi, Phys. Lett. B 591, 141 (2004) 
|arXiv:h'^p h/0310285|. 



[14] R. Contino and A. Pomarol, |arXiv:hep-th/0406257 

26 



[15] G. Altarelli and R. Barbieri, Phys. Lett. B 253, 161 (1991); G. Altarelli, R. Barbieri and 
S. Jadach, Nucl. Phys. B 369, 3 (1992) [Erratum-ibid. B 376, 444 (1992)]. 

[16] P. Azzi et al. [CDF Collaboration] , |arXi v:hep^ /0404010l 

[17] G. Cacciapaglia, C. Csaki, C. Grojean and J. Terning, |arXiv:hep-ph/0409126 

[18] M. A. Luty and T. Okui, |arXiv:hep-ph/0409274l 

[19] C. Csaki, C. Grojean, L. Pilo and J. Terning, Phys. Rev. Lett. 92, 101802 (2004) 
|arXiv:hep-ph/03 08038 . 

[20] G. Burdman and Y. Nomura, Phys. Rev. D 69, 115013 (2004) |arXiv:hep-ph/Q312247| . 



[21] For recent progress in flat space, see for example M. Quiros, arXiv:hep-ph/0302189 and ref- 
erences therein and C. A. Scrucca, M. Serone and L. Silvestrini, Nucl. Phys. B 669, 128 
(2003) |arXiv:hep-ph/0304220| . For the AdS case, see ref. and K. y. Oda and A. Weiler, 
|arXiv:hep-ph/04100"6T| 

[22] N. Arkani-Hamed, A. G. Cohen and H. Georgi, Phys. Lett. B 513, 232 (2001) 
|arXiv:he p-ph/ 0105239| ; N. Arkani-Hamed, A. G. Cohen, E. Katz, A. E. Nelson, T. Gre- 
goire and J. G. Wacker, JHEP 0208, 021 (2002) |arXiv:hep-ph/0206020 ; N. Arkani-Hamed, 
A. G. Cohen, E. Katz and A. E. Nelson, JHEP 0207, 034 (2002) |arXiv:hep-ph/0206021 ; 
D. E. Kaplan and M. Schmaltz, JHEP 0310, 039 (2003) |ar Xiv: hep-ph70302049 . 

[23] T. Han, H. E. Logan, B. McEhath and L. T. Wang, Phys. Rev. D 67, 095004 (2003) 
,arXiv:hep-ph/0301040, . 

[24] M. Perelstein, M. E. Peskin and A. Pierce, Phys. Rev. D 69, 075002 (2004) 



|arXiv:hep-ph/0310039l. 



[25] S. S. Gubser, C. P. Herzog and I. R. Klebanov, arXiv:hep-th/0409186 



[26] T. Gherghetta and A. Pomarol, Nucl. Phys. B 602, 3 (2001) |arXiv:hep-ph/0012378 



27 



